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Nitric oxide (NO) is an important trace gas and regulator of atmospheric photochemistry. Theory suggests moist soils optimize NO emissions, whereas wet or dry soils constrain them. In drylands, however, NO emissions can be greatest in dry soils and when dry soils are rewet. To understand how aridity and vegetation interact to generate this pattern, we measured NO fluxes in a California grassland, where we manipulated vegetation cover and the length of the dry season and measured [δ 15 -N]NO and [δ 18 -O]NO following rewetting with 15 N-labeled substrates. Plant N uptake reduced NO emissions by limiting N availability. In the absence of plants, soil N pools increased and NO emissions more than doubled. In dry soils, NO-producing substrates concentrated in hydrologically disconnected microsites. Upon rewetting, these concentrated N pools underwent rapid abiotic reaction, producing large NO pulses. Biological processes did not substantially contribute to the initial NO pulse but governed NO emissions within 24 h postwetting. Plants acted as an N sink, limiting NO emissions under optimal soil moisture. When soils were dry, however, the shutdown in plant N uptake, along with the activation of chemical mechanisms and the resuscitation of soil microbial processes upon rewetting, governed N loss. Aridity and vegetation interact to maintain a leaky N cycle during periods when plant N uptake is low, and hydrologically disconnected soils favor both microbial and abiotic NO-producing mechanisms. Under increasing rates of atmospheric N deposition and intensifying droughts, NO gas evasion may become an increasingly important pathway for ecosystem N loss in drylands.
nitric oxide | chemodenitrification | drylands | NO pulses | N cycling N itric oxide (NO) is an important trace gas; it regulates the oxidative capacity of the atmosphere and indirectly influences Earth's climate (1) . In the troposphere, NO catalyzes the production of hydroxyl radical, a powerful oxidant and cleanser of atmospheric contaminants. High concentrations of NO also favor the production of ozone (O 3 ), an urban pollutant and contributor to radiative forcing (1) . Globally, fossil fuel combustion and biomass burning are major sources of NO, but soils are also a substantial source (2) . Roughly 25-60% of terrestrial NO emissions originate from drylands (arid and semiarid environments) (3), which cover one-third of the terrestrial land surface (4), suggesting arid environments are important to global NO production. Climate models predict an expansion of drylands and intensifying droughts in existing arid regions (5) , and when coupled with increasing rates of nitrogen (N) deposition and changes in the magnitude and frequency of precipitation events (6) , increased soil NO emissions are possible (7) . Paradoxically, arid soils are often described as infertile because biological processes are limited by water and N (8) , raising the questions of why drylands are NO emission "hotspots."
NO is produced in soils through both abiotic and biotic processes (2) . Chemodenitrification encompasses all of the abiotic nonenzymatic processes that produce NO, including chemical decomposition of nitrous acid as well as reactions between N substrates with reduced metals and humic substances (9) (10) (11) . The biological processes that produce NO, however, are numerous [e.g., nitrification, denitrification, nitrifier denitrification, dissimilatory nitrate reduction to ammonium, and anaerobic ammonium oxidation (9) ], but nitrification is generally considered the dominant driver of NO emissions under aerobic conditions (12) . Nevertheless, both biotic and abiotic processes can occur simultaneously and are regulated by a range of environmental factors that complicate understanding of how NO emissions vary spatially and temporally.
At the soil-microsite scale, factors including pH, substrate supply, temperature, and, in particular, moisture, control the processes that produce NO (13, 14) . Indeed, NO is frequently modeled as a function of water-filled pore space (WFPS), where NO emissions are highest when soils are moist and decline when soils are either drier or wetter than the optimum (14, 15) ; moist soils favor diffusion of resources to reaction sites while maintaining adequate gas diffusivity (16) . In contrast, dry soils facilitate gas diffusion but limit substrate supply to reaction sites, whereas wet soils limit gas diffusivity and, therefore, NO emissions (17) .
At the landscape scale, factors such as climate (aridity) and vegetation may influence environmental conditions in soil microsites and, therefore, may limit NO emissions even when optimal microsite-scale conditions are expected to favor NO production. In a chaparral ecosystem in southern California, NO emissions are not optimized when soils are moist during the wet season-emissions are in fact low (18) . Rather, NO emissions are highest when soils are dry or when dry soils become wet following rewetting; similar patterns were observed in a tropical savannah in Venezuela (19) as well as in a desert floodplain in Arizona (United States) (20) .
Significance
Nitric oxide (NO) controls the atmosphere's oxidative capacity. In soils, NO emissions are thought to be controlled by a tradeoff that develops in response to changes in soil moisture: dry soils limit substrate diffusion, whereas wet soils limit gas diffusivity, such that moist soils favor NO emissions. In drylands, however, NO emissions can be highest when soils are dry and immediately following rewetting. Aridity and vegetation interact to generate unexpected NO emission patterns. The shutdown in plant N uptake during the dry season causes NO emissions to increase, whereas arid conditions concentrate resources in dry soils, stimulating NO pulses upon rewetting. Chemistry governs the rapid initial NO pulse, whereas biological processes control later emissions as microbes recover from drought stress.
To understand the interactions among factors operating across scales and their effects on NO emissions, Firestone and Davidson developed a conceptual model using a "hole-in-the-pipe" metaphor (13) . In their model, NO emissions are governed by the rate of N cycling (the diameter of the pipe), whereas factors such as soil moisture, pH, and temperature determine how much of that N may be transformed to NO (the holes). In this sense, aridity and vegetation may offset the balance of importance in microsite-scale controls (e.g., moisture, temperature, and substrate supply), influencing both the rate of N flowing through the pipe and the side reactions that produce NO. For example, plants are fierce competitors for N (21, 22) and, through root uptake, may limit N availability and, therefore, N supply for NO production. In both the chaparral and tropical savannah, moist conditions occurred during the plant growing season, raising the possibility that plants could constrain N availability, thereby limiting NO emissions (18, 19) . Aridity, on the other hand, may influence NO emissions by favoring NO-producing mechanisms when dry soils are rewet (23) (24) (25) . In drylands, asynchrony between N availability and plant demand (26) and between soil C mineralization and nitrification (27) limit N retention and could cause drylands to operate as NO hotspots.
Building on the hole-in-the-pipe conceptual model, we explore the possibility that vegetation and aridity can influence microscale controls, generating NO emission patterns opposite to those observed in laboratory incubation studies. To develop our arguments we ask: (i) Can plants influence seasonal NO emission patterns in the field? (ii) How do arid conditions favor NO emissions? (iii) How does the balance between biotic and abiotic processes control NO pulses upon rewetting dry soils?
We used a semiarid grassland to understand how plant N uptake and aridity, and interactions between them, influenced NO emission patterns. To isolate the effects of vegetation, we created four levels of plant removal (0%, 30%, 60%, and 90% thinning). Effects of aridity were assessed by manipulating the length of the dry season through a combination of irrigation and rainfall exclusion treatments; we studied NO emissions in "Ambient," "Extended dry season," "Short dry season," and "No dry season" plots. We measured soil N pools to understand how interactions between aridity and vegetation influenced available N for NO production. We also used an isotope tracer approach in the field to measure [δ 15 -N]NO and [δ 18 -O]NO isotope fluxes using passive collectors (NO x pads; Ogawa & Co.). The [δ 15 -N]NO and [δ 18 -O]NO measurements were used to distinguish between biotic and abiotic NO-producing mechanisms and to understand what forms of N generated NO upon rewetting. Specifically, [δ- 18 O]NO measurements used the naturally occurring evaporation-induced fractionation of oxygens in soil water to determine whether substrates synthesized during the antecedent dry season produced NO pulses. We hypothesized (i) that drylands act as NO emission hotspots because interactions between aridity and vegetation maintain a "leaky" N cycle and (ii) that periods of high NO flux are governed by a shutdown in plant N uptake and by arid conditions that stimulate NO-producing abiotic and biotic mechanisms. ) (hereafter, denoted "without plants"); 30% thinning increased NO emissions by 23% (P = 0.2), 60% thinning increased NO emissions by 45% (P = 0.003), and removing plants more than doubled NO flux rates (P < 0.0001), but these differences were greatest in the plots that received the least summer water. Because NO emissions increased with increasing plant removal, we focus our discussion on the effects of 90% thinning to better understand how vegetation influences soil NO emissions (Fig. 1 ).
In the Extended dry season treatment, removing plants increased NO emissions by ∼5.5× (P < 0.0001), whereas in the Ambient plots, plant removal increased fluxes by ∼4× (P = 0.0025; Fig. 1A ). In contrast, irrigating soils reduced the effects of plant thinning; in the Short dry season, removing plants increased NO emissions by 1.8× (P = 0.03), whereas in the No dry season plots, removing plants increased emissions by 1.6× (P = 0.02; Fig. 1 C and D) . ; P < 0.0001; Fig. 1A ).
Dry season length had varying effects on soil NO emissions. Whereas extending the length of the dry season did not affect NO emissions compared with Ambient plots (P = 0.97), irrigating soils in the Short dry season increased average NO emission rates by 2.6× above Ambient plots (P < 0.0001) and nearly quadrupled the overall fluxes in the No dry season plots ( Fig. 1 C and D; P < 0.0001). NO emission rates returned to background rates when irrigation ended in July (Fig. 1C) .
NO Pulses. Rewetting soils at the end of the dry season (September to October) produced NO emission pulses up to 9× greater than prewetting emissions rates within 30 s of adding water ("prewetting" vs. "wetting"; Fig. 2 ). In general, emission rates during these pulses peaked within 24 h postwetting, decreasing to rates similar to prewetting conditions within 2-4 d (Fig. 2) .
Plants also governed the magnitude of NO pulses during rewetting. On average across all plots, NO pulses were 1.4× higher without plants than with plants ( Fig. 2 ; P = 0.02). Manipulating the length of the dry season had varying effects. Extending the length of the dry season appeared to reduce NO pulses by 49% below Ambient plots ( Fig. 1B ; P < 0.0001). However, after correcting for the temperature difference between September to October and January using a temperature correction coefficient (Q 10 ) of 2 (2)-Extended dry season plots were rewet during winter after removing the rainout sheltersthere was no longer a significant effect (P = 0.25). Shortening the length of the dry season had no effect on NO pulses when comparing Short dry season to Ambient plots ( Fig. 2C ; P = 0.94), but in the No dry season plots, maintaining moist soils lowered NO pulses by 33% compared with Ambient plots ( Fig. 2D ; P = 0.009).
Soil N Dynamics. In Ambient plots with plants, total extractable N (TEN) (which includes both organic and inorganic forms) trended upward as soils dried during 2013 (May to September; Fig. 3A ; P = 0.08) and 2014 (May to October; Fig. 3A ; P = 0.002); the trend was driven by water-extractable organic nitrogen (WEON) increasing by ∼3 μg g −1 in 2013 and by 11 μg g −1 in 2014, whereas NH 4 + and NO 3 − remained relatively unchanged (Fig. 3A) . The most substantial change in NH 4 + and NO 3 − occurred at the onset of the wet season (December 2014), when NH 4 + concentrations decreased by 65% and NO 3 − concentrations tripled (October 2014; Fig. 3A ). Without plants, Ambient TEN also increased as soils dried out in 2013 (May to September; Fig. 3A ; P = 0.04), but in contrast to plots with plants, increases in both NH 4 + and NO 3 − contributed to the upward trend (Fig. 3A) . During the 2014 dry season, however, although TEN concentrations remained high, a significant temporal trend was not detected (May to October; Fig. 3A ; P = 0.9).
Overall, TEN, WEON, NO 3
−
, and NH 4 + were higher without plants than with plants ( Fig. 3 ; P < 0.0001), whereas manipulating the length of the dry season had varying effects. Extending the length of the dry season increased NH 4 + by 28% above Ambient plots (P = 0.02), decreased NO 3 − by 29% (P = 0.01), and had no effect on WEON (P = 0.9) or TEN (P = 0.8) (Fig. 3B) . Shortening the length of the dry season increased NO 3 − by 58% above Ambient plots (P = 0.01) and by 38% when we kept soils consistently moist (No dry season plots; P = 0.002). In contrast, WEON decreased by 29% below ambient plots in the Short dry season plots (P = 0.002) and by 45% in the No dry season plots (P = 0.001). Irrigating soils did not have a significant effect on NH 4 + or TEN concentrations (P > 0.3) (Fig. 3 C and D) .
TEN increased during summer 2013 in the No dry season plots (May to September) with or without plants (P < 0.01; Fig. 3D ). In these moist soils, increases in TEN during the 2013 dry season were driven by the buildup of NO 3 − and NH 4 + as WEON decreased in September (Fig. 3D) . During summer 2014, TEN also generally increased in plots with plants (May to October; Fig. 3D ; P = 0.14), but in plots without plants, the upward trend weakened (P = 0.6); WEON, NO 3 − , and NH 4 + remained relatively high and varied little (Fig. 3D ).
Soil NO 2
− concentrations averaged 0.6 μg N g −1 and made up to 4% of the TEN (Fig. 3) . In general, thinning or dry season length did not significantly affect NO 2 − concentrations ( Fig. 3 ; P > 0.33), although on average, maintaining soils consistently moist in the No dry season plots lowered NO 2 − by 27% compared with Ambient plots. Over the length of the dry season, NO 2 − concentrations trended upward as the number of days without rainfall increased, but the upward trends were not significant in either 2013 (P = 0.58) or 2014 (P = 0.32) (Fig. S1 ).
In Ambient plots with plants, net N mineralization averaged 0.03 μg N g −1 d −1 and net nitrification 0.06 μg N g −1 d −1 without varying substantially over time (P > 0.9; Fig. S1 ). Similarly, averaged across time, we did not detect a significant effect of plant thinning on net N mineralization or net nitrification (P > 0.6). However, in Ambient plots without plants, these rates were on average 10-20× times higher than plots with plants during both the dry-to-wet transition (November 2013) and spring (April 2014; Fig. S1 ). In No dry season plots with plants, net N mineralization and nitrification rates increased during the dry-to-wet seasonal transition above Ambient plots (P < 0.06).
The average (± SEM) total soil C content was 2.1 ± 0.03% and for N 0.2 ± 0.003% across both vegetation and dry season length treatments. On average, in plots without plants, the soil C:N was 11 and was significantly higher than in plots with plants (C:N, 10.5; P = 0.001). Manipulating the length of the dry season did not significantly change soil C:N ratios (P = 0.3). + tracer was detectable in NO emissions within the first hour, with a peak in tracer detected 1-24 h postwetting and trending back to initial values within 24-48 h (Fig. 4A) . 18 O label was not used (Fig. 4B) . However, [*δ- 18 O]NO varied with time during a rewetting pulse; it was highest 0-15 min postwetting, lowest after 1-24 h, and trended back to initial conditions within 24-48 h (Fig. 4B) .
When plotted together, rewetting soils with DIW produced a linear relationship between [*δ- O over time (Fig. 5A) . Similarly, a linear trend was also observed after rewetting soils with [ 15 N]NH 4 + isotopically labeled DIW but in the direction of the added tracer-NO was enriched with up to 168 ± 3‰ 15 N, whereas the *δ- 18 O followed the same patterns as observed with DIW (Fig. 5B) − did not produce linear trends; these trends were best described by a clockwise hysteresis ( Fig. 5 C and D) .
Discussion
Building on laboratory incubation studies used to understand factors governing NO production (e.g., refs. 11, 13, 29, and 30), one would predict that dryland soils operate as hotspots for NO during the wet season, when moist soils allow resources to diffuse to NO-producing mechanisms while still allowing effective NO efflux (31) . However, we found that NO emissions decreased when soils were moist, while increasing in dry soils and during short periods following abrupt rewetting events. Here, we explore how vegetation and aridity interact to generate patterns opposite to those expected from laboratory studies by (i) maintaining an open N cycle (N loss vs. N recycled) during periods when plant N uptake is low and by (ii) favoring both biotic and abiotic NO-producing reactions.
Removing plants increased soil N availability, such that the N otherwise used by plants could have been used by microbial processes that produce NO. Although removing plants did not significantly increase rates of nitrification, on average, these rates were 10-20× higher in the absence of plants during both the dry-to-wet transition and spring (Fig. S2) . Similar patterns were observed in an earlier study at our site, where N mineralization and nitrification rates and nitrification potentials-an index of nitrifier populationssignificantly increased during summer, when plants senesced (32) . According to the hole-in-the-pipe model, a higher N flux would produce a larger pipe, therefore resulting in higher NO emissions in the absence of plants. Based on these effects, we expected plant phenology would help explain seasonal NO emission patterns at our site [i.e., explain why NO emissions increased as soils dried and plants senesced, similar to observations in another dryland study (18) ]. In support of plants controlling NO emissions, differences in plant species composition explained differences in NO flux between two forested sites (33) , whereas other studies have suggested that plant N uptake controls hydrologic N loss (26, 34) and, therefore, plants should also be capable of influencing gaseous N export (2, 18, 26) . Thus, during the dry season, NO emissions likely increased because the shutdown in plant N uptake increased N supply to NOproducing processes and reactions.
In drying soils, products from nitrification can increase N availability in the absence of plant uptake (Fig. 3) , potentially favoring N loss via gaseous pathways. Although nitrifiers are sensitive to drought (35) , they can remain active in thin water films formed as soils dry (23, 36) , possibly explaining how interactions between vegetation and aridity caused NO emissions to increase during summer. In these diffusion-limited environments, the accumulation of microbial metabolic products (e.g., NH 4 + , NO 2 − , and NO 3 − ) may maintain a flux of NO even as soils dry (23, 26, 32, 37) . NO 2 − , in particular, is chemically reactive (38) and, in dry soils, may be less likely to be oxidized by nitrifiers but may still chemodenitrify (10, 29, 39) . At our site, NO 2 − concentrations averaged 0.6 μg NO 2 − -N g −1 (Fig. S1 ). Assuming a sustained dry season flux of 5 ng
, the NO 2 − pool in surface soils (top 5 cm) could in principle generate NO for roughly 10 mo. In the competition between biology and chemistry, dry soils may favor abiotic over biotic processes, producing NO via abiotic NO 2 − decomposition. Besides the decoupling between plant N uptake and soil N cycling during the dry season, rewetting soils also produced conditions where cooccurring biotic and abiotic processes governed NO efflux. During pulses generated upon rewetting soils, NO emissions were driven by the mixing of a (i) "reactive" NO source, predominantly abiotic, producing NO within 15 min postwetting with a (ii) slowerto-react, but "emergent," biological source stimulated by the oxidation of NH 4 + , presumably as ammonia-oxidizing bacteria (AOB) or archaea recovered from drought-induced stress. This supposition is strongly supported by the isotope-tracer experiments, which showed that labeled NO 2 − was immediately converted into NO, whereas it took several hours for conversion of labeled NH 4 + into NO. The reactive NO source was controlled by the cooccurrence of abiotic and biotic processes sustained by the consumption of NO 2 − and NO 3 − . In support of abiotic transformations of NO 2 − to NO (chemodenitrification), NO emissions increased by roughly an order of magnitude within 30 s of rewetting soils, and such dramatic and rapid increase is inconsistent with biological process, which require 10s of minutes to recover from drought-induced stress (40, 41) . NO 2 − -oxidizing bacteria are also slower to recover from stress than AOB (42) (Fig.  4A) , suggesting NO emitted during this time period was almost exclusively derived from NO 2 − . Second, the NO produced during the first 15 min postwetting was enriched in 18 O relative to other time periods (Fig. 4B) , indicating the NO 2 − used to produce NO during the first 15 min postwetting must have been synthesized during the antecedent dry season and not by microbes resuscitated by the rewetting pulse. Because evaporation fractionates the isotopic Fig. 4B ), suggesting that the substrates used to generate NO were synthesized in situ, consistent with the time required by nitrifiers to recover from drought stress (42 N label started to appear in NO but peaked during the interval 15-60 min postwetting (Fig. 4A) . This rapid incorporation of [ 15 
N]NO 3
− into NO was surprising-drylands are not considered denitrification hotspots, and we added a relatively small amount of water to very dry soils-but this rapid incorporation is not inconceivable. At our site, denitrification potentials and denitrifying enzyme activity increase in step with microbial biomass as soils dry (32) , perhaps suggesting denitrifiers may be capable of processing NO 3 − within 15 min of rewetting soils. In contrast to the reactive NO source, the emergent and slower to react NO source was driven by the relatively less rapid oxidation of NH 4 + by AOB or archaea, which controlled the peak NO flux 1-24 h postwetting while fractionating δ-15 N by 31‰. We hypothesize that NH 4 + was not only derived from pools concentrated over the summer but also from mineralization of a light-fraction organic N pool released upon rewetting (44) that, in our case, may be represented by the WEON pool. WEON decreased in step with irrigation frequency producing smaller NO pulses upon rewetting dry soils at the onset of the wet season. In support of NH 4 + oxidation, we observed high NO 3 − concentrations and nitrification rates upon rewetting soils-a pattern observed in our study site and other drylands (26, 32)-and note that a 31‰ δ-15 N fractionation effect is consistent with nitrification (32, 45). Although we cannot conclusively differentiate between nitrification or nitrifier denitrification as the source of NO, nitrifier denitrification can account for a substantial fraction of NO emissions (11, 46) and may best explain the [*δ- 18 O]NO isotopic trends we observed. During nitrification, NO is derived from hydroxylamine (NH 2 OH) (9) , where the O is derived from air (47) . In contrast, during nitrifier denitrification NO is derived from the reduction of NO 2 − by nitrifiers (9) , where one of the oxygens in NO 2 − is derived from air and the other from water (47, 48) . During our measurements, the peak consumption of NH 4 + coincided with the lowest [*δ- 18 O]NO, resembling the δ-
18
O composition of the rewetting solutions. This shift in δ- 18 O, from +10‰ to −15‰ δ- 18 O, suggests that the peak NO flux was derived from NO 2 − generated in situ as a consequence of the rewetting pulse and, hence, by nitrifier denitrification upon the recovery of nitrifiers from drought-induced stress-NO derived from nitrification should have been insensitive to the δ-
O composition of the added water. These interpretations support the understanding that nitrifier denitrification is an important mechanism for microbes to avoid accumulating toxic levels of NO 2 − (49), perhaps in response to the NO 2 − flush generated upon rewetting dry soils. In this context, the emergent source represents an acceleration in nitrifier activity during the recovery from drought-induced stress, which gradually controlled the [δ- + generating a mixing line that mirrored the DIW-generated line but in the direction of the added tracer (Fig. 5B) . These patterns confirm that NH 4 + oxidation operated as an endmember (i.e., the emergent source) driving the isotopic composition of NO toward −43‰ δ-15 N (Fig. 5A) (Fig. 5 C and D) suggests that although NO produced by chemodenitrification and denitrification governed the initial NO pulse, these processes were overwhelmed by the oxidation of native soil NH 4 + made available upon rewetting soils in the field. This strongly fractionating signal "pulled" the [δ- 15 N]NO toward −43‰ δ-15 N, thereby generating the clockwise hysteresis. These conclusions are supported by the more than doubling rate in NO emitted 24 h postwetting compared with that emitted immediately postwetting ( Fig. 2A) , which coincides with the period when NH 4 + oxidation dominates NO emissions. At the landscape scale, these interactions between aridity and vegetation are important because the interactions can influence the trajectory of ecosystem N cycling (50) ; that is, whether N is exported or internally cycled. For example, arid soils tend to be 15 N-enriched, whereas soils in temperate mesic systems tend to be 15 N-depleted (51), suggesting an N cycle that is more open (N loss vs. N recycled) is inherent to the mechanisms governing N cycling in arid landscapes (8, 50, 51) . Because aridity controls vegetation and water availability (52) , N cycling in arid systems is less influenced by plants and more so controlled by interactions between microbial and abiotic processes (51) . Building on this understanding, it is thought that in arid systems, microbial processes controlling N gas evasion may regulate the fate of soil δ-15 N (51), because these emissions can represent a substantial fraction of ecosystem N loss (18, 26) , while strongly discriminating against 15 
N (45). Leaching of NO 3
− to subsoils or groundwater can also produce 15 N-rich surface soils (53), although leaching is less important in arid regions and less fractionating than gaseous processes (51). Our measurements suggest that NO emissions, especially those generated by nitrification, significantly contribute to the openness of arid ecosystems and to the enrichment of soil δ-
15
N during "hot moments" controlled by rapid shifts from dry-to-wet soil conditions.
Conclusions
Our measurements suggest that ecosystem NO emissions increase when plant N uptake and soil N cycling decouple during the dry season, increasing N supply to NO-producing biotic and abiotic processes in soils. At the onset of the wet season, rewetting soils generate NO pulses via chemodenitrification, whereby NO 2 − generated during the antecedent dry season abiotically decomposes to NO. Over time, microbial processes recover from drought stress and regain control of NO production, while reducing the magnitude of NO pulses generated upon rewetting soils. These mechanisms suggest that drylands are well equipped to convert N into NO and that under increasing rates of atmospheric N deposition and changes in climate favoring droughts (5), NO gas evasion may become an increasingly important pathway for ecosystem N loss in arid and semiarid regions.
We conclude that aridity and vegetation may operate as "ultimate" controls, those capable of transforming ecosystems (54, 55) by governing spatial and temporal patterns in N uptake and availability. Under the influence of these controls, drylands or regions experiencing pronounced shifts from dry-to-wet soil conditions may operate as NO hotspots because interactions between aridity and vegetation maintain a leaky N cycle during periods when plant N uptake is low, and hydrologically disconnected soils favor both microbial and abiotic NO-producing mechanisms.
Materials and Methods
Site Description. We studied a seasonally dry grassland at the University of California Sedgwick Reserve near Santa Barbara, CA [370 m above sea level (ASL); 34.7120 N, 120.0388 W]. The vegetation at our site is dominated by nonnative Mediterranean annual grasses-primarily Bromus diandrus, Bromus hordaceous, and Avena fatua. The climate is Mediterranean with hot dry summers and cool wet winters (Fig. S3A) . The mean annual precipitation is 380 mm, with an average annual temperature of 16.8°C: daytime air temperatures average 33°C in summer and rarely drop below 0°C during winter nights. Roughly 90% of annual precipitation falls between November and April. The water year (WY) officially begins on October 1 and ends on September 30. During the 2 y of the study, annual precipitation was roughly 50% below average (175 mm in WY 2013 and 201 mm in WY 2014). Soils are described as Pachic Haploxerolls with silty clay loam texture and granular structure on nearly flat slopes (<2%) and derived from the Paso-Robles formation consisting of poorly consolidated alluvial material formed from montmorillonite that eroded from nearby Monterey Shale deposits. The soils are rich in 2:1 clays and also contain some amount of Franciscan Complex minerals including ultramafics (e.g., serpentinite), sandstone, and chert. The soil pH is 6.9, with 2.2% C, 0.21% N, and a bulk density of 1.2 g cm −3 in the upper 10 cm.
Vegetation and Dry Season Length Manipulations.
To quantify the effect of vegetation and dry season length on NO emissions, we maintained plots (2 m × 1 m) for 2 y with four levels of plant removal (0%, 30%, 60%, and 90% plant thinning) and four levels of dry season length (Ambient, Extended dry season, Short dry season, and No dry season). Our experimental plots were selected in December 2012 based on similar plant cover and composition; plots were segregated into three blocks, each block containing 16 plots (four levels of vegetation × four levels of dry season length), for a total of 48 plots (n = 3 for each treatment). We oriented all plots with the longer 2-m side spanning from north to south and spaced at least 1 m apart to minimize edge effects. Thinned plots were maintained every 7-10 d during the growing season and as needed during the dry season. Edge effects of root growth from outside the plots were minimized by clearing a ∼30-cm perimeter around every plot using a motorized weed trimmer.
The unthinned plots (0% thinning; denoted "with plants") were not altered. In plots thinned by 30% or 60%, roughly one-third or two-thirds of the aboveground biomass was evenly pulled out by hand while minimizing soil disturbance. In the 90% thinning plots (without plants), we removed all plants, but because of germination between site visits, we refrain from referring to the treatment as "100% thinning." Thinning occurred through the end of WY 2014. Averaged across two years, 90% thinning increased soil moisture by 5% in Ambient plots.
The Ambient treatments represented field conditions-in California the dry season typically lasts 6 mo (from May until October; Fig. S3A ).
The Extended dry season delayed rainfall until January (i.e., ∼9 mo) using rainout shelters that kept soils dry. Rainout shelters (2.5 m × 1.2 m) used in Extended dry season plots were built from clear corrugated polycarbonate roof panels (Suntuf; Palram Americas) attached to a metal frame. We did not observe any consistent effect of the shelter on soil temperature (e.g., greenhouse effect) or soil moisture (e.g., dew accumulation). To extend the WY 2013 dry season, shelters were in place from October 7, 2013 until January 30, 2014 and from October 24, 2014 until January 19, 2015 for WY 2014 (Fig. S3B) .
The No dry season treatment was designed to maintain soils consistently moist during the typical 6-mo dry season (32) . The Short dry season was similar to the No dry season, except that soils were irrigated and kept consistently moist for only about half of the dry season. Thereafter, soils were allowed to dry until rewet by rainfall. . The background atmospheric N deposition rate at Sedgwick is ∼5-7 kg N ha
The predetermined threshold between "moist" and "dry" soil was 10% volumetric water content (VWC) or 18% WFPS. Soil WFPS was defined as
where VWC is soil volumetric water content, ρ b is the bulk density (1.2 g cm ), and ρ s is the particle density (2.65 g cm
−3
). In these soils, a marked decline in respiration occurs below 18% WFPS (57), suggesting that microbes rapidly lose access to C substrates as soils dry below this threshold. Therefore, we irrigated as soon as soils dried to 18% WFPS in the spring (when soils begin to dry) and continued irrigating until the first rain event in the fall (the onset of the wet season) for the No dry season or until July for the Short dry season.
Each irrigation event consisted of adding 30 L (equivalent to 1.5 cm of rainfall) of local well water [0.003 mg NH 4
] to each plot every 2-3 wk. Plots were irrigated using a backpack sprayer with a fine nozzle to minimize soil disturbance. Because of the sprayer's 15-L capacity and the desire to allow time for infiltration, the 30 L of water was added in two 15-L "doses" spaced roughly 1 h apart. Based on field measurements of soil moisture using a portable MiniTrase Time Domain Reflectometer (Soil Moisture Equipment Corporation), each irrigation event moistened soils in the top 10 cm to ∼50% WFPS. Then, on average, soils dried by 2% WFPS per day, particularly during the middle of the summer. Thus, irrigation was required every 2 wk to prevent drying below 18% WFPS.
Based on a soil porosity of 54% (1 − ρ b /ρ s ), we expected the irrigation water to infiltrate at least 3 cm, wetting 66 NO Emission Measurements. Three months before measuring NO emissions, a polyvinylchloride collar (PVC) (30.5-cm diameter × 10-cm height) was inserted 6 cm into the ground at each of the 48 plots under vegetation and dry season length manipulations. The placement of collars did not impede the growth of plants.
Rates of soil NO emissions were measured by soil chamber methodology (58) using a Scintrex LMA-3 chemiluminescent NO 2 analyzer. The flux of NO was calculated based on the physical dimensions of the chamber, the rate of change in NO concentrations inside the chamber, and air temperature:
where F is the NO flux rate (ng NO-N m Rates of soil trace gas emissions were determined by placing a PVC chamber (volume, 11 L), equipped with a small fan (4-cm diameter), over the previously installed PVC collars and measuring the change in concentration of NO inside the chamber headspace for ∼3-6 min. During measurements, chamber air flowed into the analyzer and makeup ambient air flowed into the chamber through a vent. Because the LMA-3 analyzer only measures the concentration of NO 2 , a CrO 3 in-line oxidizer (Drummond Technology) was placed in line to convert NO into NO 2 . During sampling, NO 2 did not accumulate in the chambers, suggesting that increases in the instrument signal were attributable entirely to NO. A Nafion tube drier (Perma Pure DM-110-24) was used to remove moisture from the chamber air before entering the CrO 3 oxidizer, because humidity can limit the conversion of NO to NO 2 (59). Although we did not measure O 3 directly, at NO 2 mixing ratios <1 ppb, 1 ppb of O 3 can induce a 0.003-ppb increase in the instrument signal (60) . Annual concentrations in Santa Ynez, ∼9 km south from our site, averaged 4 ppb NO 2 and 57 ppb O 3 in 2013 (61), suggesting negligible impact of O 3 on our measurements. The LMA-3 was calibrated in the field before and after each series of NO measurements. For calibration purposes, a standard curve was made by mixing an NO standard (0.0988 ppmv NO in N 2 gas; Scott-Marrin) with zero-grade air. The method detection limit was 0.02 ppbv NO.
In October 2013 and September 2014, we added 500 mL of DIW to the soils inside PVC collars, except for soils in the extended dry season treatments, which were rewetted in January 2014 and 2015 after removing the rain shelters.
Rewetting and Isotope Tracer Experiments. To characterize how plants and dry season length influenced the magnitude and duration of NO pulses, we monitored NO emissions after rewetting soils in the late dry season. In October 2013 and September 2014, we added 500 mL of DIW to the soils inside PVC collars, except for soils in the extended dry season treatments, which were rewetted in January 2014 and 2015 after removing the rain shelters. NO emissions were measured the moment before adding water to characterize prewetting emissions, immediately after adding water (within 20 s; wetting) to characterize the initial NO pulse, and 1-4 d postwetting to characterize the peak of the NO pulse, as well as the duration of the pulse-the "trail-off" period when NO emissions trended toward prewetting conditions.
To understand the mechanisms controlling NO emissions during the wetting, peak, and trail-off periods, we measured [δ- , assuming a soil porosity of 54% (1 − ρ b /ρ s ), such that the wetting front would penetrate roughly 3 cm, wetting ∼1 kg of soil.
Unwetted chambers (ambient), used to describe prewetting conditions, were closed for 2 d and equipped with two NO x pads (Ogawa & Co.) to capture NO for isotopic analysis. NO x pads are routinely used in synoptic studies monitoring air pollution (62) (63) . As done with ambient chambers, control and isotopically labeled chambers were also equipped with two NO x pads, but these pads were harvested at different time periods. The first set of pads were deployed from 0 to 15 min postwetting and were used to capture the wetting period, where NO emissions increase within seconds after rewetting soils. Another set of pads was deployed 15-60 min postwetting and was used to capture conditions leading to the "peak" in NO emissions during a NO pulse. A third and fourth set of pads were deployed 60 min to 1 d, and 1 d to 2 d postwetting, capturing the trail-off period when NO emissions decrease from peak to prewetting conditions. Complementary to soil chamber measurements, we also measured the isotopic composition of NO above the ground surface (denoted "atmospheric") by deploying 8 NO x pads ∼3 m above the ground for 4 d.
The O values were measured using a Thermo Delta V isotope ratio mass spectrometer (Thermo Fisher Scientific) and the Gas Bench interface. The international reference materials United States Geological Survey (USGS)-32, USGS-34, and USGS-35 were included in each analytical run.
Because the NO x pads can also adsorb nitrogen dioxide (NO 2 ), we tested for potential NO 2 contamination using the LMA-3 NO 2 analyzer and NO 2 pads. Both tests were negative for NO 2 , suggesting mostly NO was adsorbed by the NO x pads. NO x pads were stored in air-tight containers before and after field deployment. In the laboratory, harvested pads were extracted in 8 mL of DIW and placed in a wrist-action shaker overnight before isotopic analyses.
Based on the rapid transformation of [ 15 N]NO 3 − to NO (Fig. 4) , we substituted ethylenediaminetetraacetic acid with diethylenetriaminepentaacetic acid to minimize interferences produced by iron (67) . Water extracts for WEON were analyzed on a total organic carbon analyzer (TOC-V CSN; Shimadzu Scientific Instruments) using combustion catalytic oxidation/nondispersive infrared method with an ASI-V autosampler and TNM-1 total nitrogen module.
We measured rates of soil net N mineralization and nitrification in Ambient and No dry season plots, with and without plants, using a modified intact soil core technique (68) . In November 2013, we collected 12 sets (four treatments × three blocks) of duplicate cores (10-cm depth; 4-cm diameter) from the sampled treatments (three duplicate cores per treatment). Gravimetric soil moisture (ovendrying at 104°C for 24 h) and initial (T 0 ) exchangeable NH 4 + and NO 3 − concentrations were determined on one set of cores. The remaining cores were capped with vented PVC covers to allow for gas exchange while preventing the inflow of water, returned to the plots, and incubated in their original holes for 4 wk to represent the early wet season. Rates of net N mineralization and nitrification were also measured in February (representing winter), April (representing spring), July (representing the early dry season), and October 2014 (representing the late dry season). Extracts were analyzed for NO 3 and NH 4 as described above for soil analyses. Net N mineralization was calculated by subtracting total N at T 0 (exchangeable N) from total N at the end of the incubation (T 1 ) for each sampling date. Net nitrification was calculated by subtracting NO 3 − measured at T 0 from T 1 .
Soil WFPS (upper 10 cm) was measured on a monthly basis at each of the 48 plots using a portable MiniTrase Time Domain Reflectometer and Eq. 1 (Fig.  S3B) . A continuous record of soil moisture and temperature was obtained from the nearby Lisque weather station (2.6 km northwest of our site; 34.72449 N, 120.0635 W; 430 m ASL) operated by the Geography Department at the University of California, Santa Barbara (UC Santa Barbara) (Fig. S3A) .
Statistical Analyses. We used a factorial-randomized complete block design with repeated-measures ANOVA and Tukey post hoc tests to detect significant effects of vegetation and dry season length on soil NO emissions and N concentrations (SAS software; SAS Institute). Our statistical analyses included all 48 plots, and although n = 3 for each treatment combination, the overall effect of vegetation of dry season length was assessed using 12 replicates. For example, the effect of removing all plants was replicated three times across four levels of dry season length. Differences in NO emissions between the dry and wet seasons were assessed in Ambient plots using a two-sample t test. When necessary, data were log-transformed to meet the assumption of normality. Statistical tests were considered significant when P < 0.05. 
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